A slanting magnetic field is usually used to realize a slight hybridization between the spin and the orbital degrees of freedom in a semiconductor quantum dot, such that the spin is manipulable by an external oscillating electric field. Here we show that, the longitudinal slanting field mediates a longitudinal driving term in the electric-dipole spin resonance, such that the spin population inversion exhibits a modulated Rabi oscillation. Fortunately, we can minimize this modulation by increasing the statical magnetic field. The longitudinal slanting field also mediates an interaction between the spin and the 1/f charge noise, which causes the spin pure dephasing. Choosing proper spectrum function strength, the spin dephasing time is about T * 2 = 17 µs and the spin echo time is about T echo 2 = 85 µs in a Si quantum dot, in good agreement with experimental observations. We also propose several strategies to alleviate the spin dephasing, such as lowering the experimental temperature, reducing the quantum dot size, engineering the slanting field, and using the dynamical decoupling scheme.
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I. INTRODUCTION
Electron spin confined in semiconductor quantum dot is a promising qubit candidate because of both the long dephasing time and the relative convenience for scalability [1, 2] . The spin dephasing time can be as long as millisecond in isotopically purified Si quantum dot [3, 4] . While in III-V semiconductor quantum dot such as GaAs, the spin dephasing time is in the microsecond region [5] , limited mainly by the hyperfine interaction between the electron and the lattice nuclear spins [6, 7] . Single qubit manipulation in quantum dot can be achieved by using either the electron spin resonance [8] or the electricdipole spin resonance (EDSR) [9] [10] [11] [12] [13] . Two qubit manipulation can be naturally achieved by using the spin exchange interaction in a semiconductor double quantum dot [14, 15] .
The manipulation time T Rabi and the dephasing time T * 2 are two important time scales for a qubit [16] . Their values determine whether a qubit candidate is suitable for quantum computing. An ideal quantum computer requires that enough number (about 1000) of single qubit manipulations should be completed in the qubit dephasing time [17] . Dephasing is the leading obstacle that limits all potential applications of a qubit. In order to alleviate the qubit suffering from dephasing caused by environment noise, we should first understand all possible dephasing mechanisms [18] .
There are both no internal spin-orbit coupling and negligible lattice nuclear spins in isotopically purified 28Si, such that Si quantum dot is expected to be one of the most feasible platforms for quantum computing [3, 4] . The spin qubit in Si quantum dot is so separate from the external environment that the single qubit manipula- * ruili@ysu.edu.cn tion becomes relatively inconvenient. The single electron spin resonance in quantum dot is proved to be technically challenging [8] . A feasible way is to integrate the quantum dot with a slanting magnetic field [19] [20] [21] [22] [23] [24] , such that single spin manipulation can be achieved via EDSR. However, as was observed in experiments, the slanting field also brings the environment 1/f charge noise to the spin qubit [25, 26] . 1/f charge noise commonly exists in many nanostructures [27] [28] [29] , and it has been also regarded as the main noise causes the dephasing of the qubit, such as Josphson qubit [30] [31] [32] , quantum dot charge qubit [33, 34] , spin qubit [18, 35] , singlet-triplet qubit [36] [37] [38] , etc.
In this paper, we study the slanting field mediated spin manipulation and spin dephasing in a Si quantum dot. In the spin manipulation via EDSR, the transverse slanting field mediates a transverse driving term which contributes to the periodic oscillation of the spin population inversion. While the longitudinal slanting field mediates a longitudinal driving term which gives a modulation to the spin population inversion. Fortunately, the effects of the modulation can be minimized by applying large Zeeman field to the quantum dot. The puredephasing is caused by the longitudinal interaction between the spin and the environment 1/f charge noise, which is also mediated by the longitudinal slanting field. We propose to prolong the spin dephasing time by reducing the quantum-dot size, lowering the experimental temperature, reducing the longitudinal slanting field, and using dynamical decoupling scheme [39] . Under eight-pulse sequences, the spin dephasing time T 2 can be prolonged to the sub millisecond region. Finally, because the upper bound of the 1/f charge noise spectrum is usually less than the qubit level spacing in the quantum dot, the 1/f charge noise cannot contribute to the spin relaxation. 
II. THE MODEL
We consider a realistic model of the quantum dot which is intimately related to the experimental situations demonstrated recently [26, 40] . The quantum dot is harmonically confined on the yz plane and exposed to both a statical and a slanting magnetic fields. The slanting field, which is used to assist the spin manipulation by an external electric field, is created by covering a Co micromagnet on the quantum dot [26, [40] [41] [42] . The model under consideration reads
where m is the effective electron mass, ω 0 is the frequency modeling the strength of the confining potential 
where b t is the slope of the transverse field, and b l1 and b l2 are the slopes of the longitudinal field along the y and the z dimensions [26, 40] , respectively. The small x-component B 
where no vector potential components in Hamiltonian (3), i.e.,
In accordance with the experimental investigations [26] , here we have chosen the Si as our quantum dot material. In our following calculations, unless otherwise stated, the parameters are chosen from Table I .
III. SLANTING FIELD MEDIATED ELECTRIC-DIPOLE SPIN RESONANCE
The manipulation of the quantum-dot spin qubit is usually achieved by using EDSR. The EDSR in quantum dot can be mediated by the internal spin-orbit coupling [9] [10] [11] [12] [13] [43] [44] [45] , the electron-nuclear hyperfine interaction [46] [47] [48] , and the external slanting magnetic field [49, 50] . In the earlier seminal work of Tokura and co-workers [49] , only a transverse slanting field is proposed to mediate the EDSR. However, under realistic experimental circumstance, the micromagnet brings no only the transverse but also the longitudinal slanting fields to the quantum dot [19, 20, 26, 40] [see Eq. (3)].
Here we examine the impacts of the longitudinal slanting field on the spin manipulation.
Under the external electric field driving, an additional electric-dipole interaction term eE · r cos(ω t) should be added to Hamiltonian (3). When we focus only on the qubit Hilbert space spanned by |Ψ 0,0,↑ and |Ψ 0,0,↓ (for details see Appendix A), the Hamiltonian of the quantum dot under the electric-driving can be reduced to the form of a two-level atom interacting with a classical field [51] (for details see Appendix A)
where
y and E z are the y and the z components of the field strength, respectively, and ω is the frequency of the driving electric field. This Hamiltonian is slightly different from the standard Rabi oscillation Hamiltonian in quantum optics [51] because of the presence of the second term, which is induced by the longitudinal slanting field given in Eqs. (2) and (3).
Let us examine the influence of the longitudinal driving term [the second term in Eq. (4)] on the spin flip efficiency. Similar to the standard Rabi oscillation, the qubit is initially prepared in state |ϕ(0) = | ↑ . When the frequency of the driving field matches the qubit level spacing ω = 2∆, the spin population inversion is obtained by numerically solving the time-dependent Schrödinger equation governed by Hamiltonian (4). We find that, in a small external magnetic field such as B 0 = 0.005 T, there is an obvious modulation on the spin population inversion function [see Fig. 1(a) ], which is harmful to the spin manipulation. While when the external magnetic field is large enough such as B 0 = 0.5 T, the modulation becomes negligible (almost invisible) [see Fig. 1(b) ]. Anywhere, one can eliminate the influence from the longitudinal driving term by increasing the external magnetic field B 0 .
Next, let us analyze the strength of the Rabi frequency, which characterizes the qubit manipulation time. In order to avoid the electron being excited to high energy orbital states in the quantum dot, the electric-field strength is limited to |E| ≪ ( ω 0 )/(er 0 ) = 4.769 × 10 4 V/m, this result gives an upper bound on the Rabi frequency in our model Ω R ≪ eE max z 0t /h = 280 MHz, agrees qualitatively well with the experimental observations [26, 52] .
IV. CHARGE NOISE INDUCED PURE-DEPHASING
1/f charge noise has been observed in many quantum nano-structures [27] [28] [29] , and it has also been regarded as the main noise limiting the dephasing time of many qubit candidates [30] [31] [32] [33] [34] [35] [36] [37] [38] . The physical origin of the charge fluctuation spectrum with 1/f distribution is still not very clear, and many theoretical models have been proposed [29] . It is also difficult to explain why the 1/f noise spectrum has both a lower and an upper bounds [53] . Here we just assume that the charge field has a spectrum function A 2 /ω, and the value of A is chosen to fit well with the experimental observation.
We assume the fluctuating charge field still has the similar form as that of the vacuum electromagnetic field [51] 
where Ξ k has the dimension of the electric field, e k is the direction of the electric field, and k is the wavevector of the charge field. The transverse character of the electromagnetic wave gives rise to e k · k = 0 [51] . In order to simplify the complexity of the problem, we further assume the wave is propagating along the x direction: Gauss decay Exact decay   FIG. 2 . The pure dephasing of the spin qubit due to environmental 1/f charge noise. We have chosen the noise spectrum strength Ar 0 =20 nm,T =100 mK = 8 MHz in order to fit well with the experimental observation [26] . k = k e x ⊥ yz plane, such that e k is an in-plane unit vector. Replacing the classical field in Eq. (4) with the above quantized electric field, we obtain the total Hamiltonian describing the interaction between the spin qubit and the charge noise
where θ is the azimuth of the charge field on the yz plane. The exact value of θ is unknown, such that it is reasonable to average over all possible angle θ for the obtained physical quantities, e.g., Γ(t) = 2π 0 Γ(t)dθ/2π. The pure-depasing of the qubit is caused by the longitudinal coupling between the qubit and the charge noise as illustrated by the second term in Eq. (6). This term can been traced back to the longitudinal slanting term in Eq. (3). If we model the qubit dephasing as e −Γ ph (t) , the decaying factor be written as
where the spectrum function is defined as
with A being a parameter characterizing the strength of the charge noise. The lower bound of the noise spectrum is about ω min ≈ 10 −2 Hz [26] , and the upper bound of the noise spectrum is about ω max ≈ 5 × 10
5
Hz [26] . We have also included the temperature effect in deriving Eq. (7) by writing the Bose occupation number as n(ω) ≈ k B T /( ω), under the realistic temperature [26] (T = 100 mK) for the low frequency noise mode (ω max ∼ 0.004 mK). Note that A has the dimension of the frequency, in order to fit well with the experimental observed dephasing time T * 2 ≈ 17 µs [26] , we has chosen A r0=20 nm,T =100 mK = 8 MHz (see Fig. 2 ). It is instructive to see that for the time scale t < 1/ω max = 2µs, we can write the dephasing factor as the following simple form (a similar version of Ref. [53] )
Thus, the qubit dephasing at short time must be a Gauss decay. Actually, for time scale larger than t > 1/ω max in our model, we find that the difference between the Gauss decay (9) and the exact decay (7) is very small (see Fig. 2 ). Let us discuss on the spectrum function defined in Eq. (8) . First, only the parameter r 0 is of specific system dependence. Since the charge field couples to the electric dipole moment of the quantum dot, it is reasonable that this quantity appears in the spectrum function. Second, the spectrum function is linearly proportional to the environment temperature T . This is in agreement with the previous theoretical [36] and experimental [54] investigations. Third, in writing the second expression to the third expression in Eq. (8), it is suggested that the charge field of the wavevector Ξ k must be a constant Ξ k ≡ Ξ, which is in stark contrast with that of the vacuum electromagnetic field [51] .
V. PROLONG THE DEPHASING TIME
The dephasing time T * 2 is an important time scale for the qubit [16] . A long dephasing time is always appreciated for almost all kinds of qubit candidates. Based on the spin dephasing theory built in the above section, here we study how to prolong the spin dephasing time in a Si quantum dot.
The first intuitional approach is to reduce the quantum dot characteristic length r 0 . The characteristic length is related to the electric dipole moment of the quantum dot, such that reducing r 0 obviously reduces the effective coupling between the spin and the charge noise in Eq. (6). However, the coupling between the spin and the classical field, i.e., the Rabi frequency in Eq. (4), is reduced simultaneously. Therefore, reducing r 0 not only increases the dephasing time T * 2 [see Fig. 3(b) ] but also increases the Rabi manipulation time T Rabi [see Fig. 3(a) ]. The r 0 dependence of the dephasing can be roughly written as T * 2 ∝ r −4 0 . From this point of view, reducing r 0 may not be an effective way to prolong the dephasing time. Note that the spin dephasing time T * 2 is obtained by solving Γ ph (T * 2 ) = 1 in Eq. (7) . The second approach is to lower the environment temperature T [36] . Lower the temperature can remarkably reduce the average occupation number n(ω) in the low frequency noise mode. The spectrum function has a linear dependence on the temperature, hence the dephasing factor also linearly depend on the temperature. The typical temperature in experiment is about 100 mK [26] . The effects of lowering the temperature is shown in Fig. 4(a) . The temperature dependence of the dephasing time can be roughly written as T * 2 ∝ 1/ √ T . A substantial improvement of the dephasing time is achievable if the experimental temperature can be lowered to the microKelvin region.
The third approach is to engineer the slanting fields [41, 55] . As can be seen from Eqs. (4) and (6), the longitudinal gradient fields b l1 and b l2 are harmful to both the spin manipulation and the spin dephasing. While the transverse gradient field b t contributes to the Rabi frequency in EDSR. Thus, it is desirable to design proper micromagnet structure, that can give rise to both increased transverse slanting field (shorter T Rabi ) and decreased longitudinal slanting field (longer T * 2 ). The dependence of the dephasing time T * 2 on the longitudinal field slope b l2 is shown in Fig. 4(b) . This dependence can be roughly written as T * 2 ∝ 1/ b 2 l1 + b 2 l2 . The forth promising way is to use the dynamical decoupling scheme [39, [56] [57] [58] , as is also usually used in experiments. The spirit of dynamical decoupling is to fre- quently flip the spin using pulse sequences, such that the effective spin-noise coupling is eliminated to be of highorder small. Certainly, the performance of dynamical decoupling depends on how many pulses are applied [59] . Consider n pulses are applied to the qubit at a serious instant time 0 < δ 1 t < δ 2 t < . . . < δ n t < t, we want to determine the qubit phase coherence at the time t. Note that here we only consider ideal pulses, i.e., each pulse has a delta-function shape, so that the spin flip is accomplished at the instant time of the pulse applied [39] .
Under n-pulse sequences, the dephasing of the spin qubit due to 1/f charge noise reads [39] 
For CPMG pulse sequence δ l = (l − 1/2)/n [60] , and for Uhrig pulse sequence δ l = sin 2 ( π l 2n+2 ) [39] . In principle, dynamical decoupling can prolong the qubit dephasing time to any desired time scale as long as enough number of pulses are applied [59] . The practical performance of dynamical decoupling is often limited by the fact that realistic pulses are impossible of delta-function shape, i.e., the flip of the spin must cost a finite time. The phase coherence of the spin qubit under dynamical decoupling is shown in Fig. 5 . As can be seen from the figure, the phase coherence time under spin echo is about T echo 2 ≈ 85 µs. Under eight-pulse sequences, the spin dephasing time can be prolonged to T 2 ≈ 220 µs. We also find that the CPMG-pulse sequences [see Fig. 5(a) ] perform a little better than the Uhrig-pulse sequences [see Fig. 5(b) ] in our model.
VI. THE RELAXATION OF THE SPIN QUBIT
The relaxation time T 1 , i.e., the life time, is also an important characteristic time of the qubit [61] . Even if there is no pure-dephasing for the qubit, the phase coherence time T 2 can still be limited by the qubit relaxation T 2 = 2T 1 [62] . Here we examine whether the 1/f charge noise will give rise to spin relaxation [63] in our model. The possible relaxation mechanism comes from the third term in the Hamiltonian (6) . There is no exact method in calculating the relaxation rate, instead, the Fermi golden rule is usually used to calculate this quantity [61] 
where ρ(ω) is density of state of the charge noise mode. It should be noted that the qubit level spacing is about 80 GHz and the maximal charge noise frequency is about 0. 
. Hence, the relaxation rate can be written as
For a Si quantum dot with the parameters given in Table  I , we have Γ relax = 0.0227 Hz, hence T 1 = 44 s, indeed a very long relaxation time. Thus, based on the above analysis, we suggest that the 1/f charge noise does not limit the spin relaxation time in Si quantum dot integrated with slanting field.
VII. SUMMARY
In summary, we have studied in details about the spin manipulation and the spin dephasing in a Si quantum dot integrated with a general slanting magnetic field. The longitudinal slanting field is harmful to both the spin manipulation and the spin dephasing. The longitudinal slanting field not only gives rise to a modulated Rabi oscillation in the spin manipulation, but also mediates a longitudinal spin-charge interaction which leads to spin dephasing. Several practical strategies are also proposed to alleviate the spin dephasing. 1/f charge noise does not limit the spin relaxation time due to the mismatching between the qubit level spacing and the charge noise frequency. Our study can help clarify the spin dephasing mechanism in Si quantum dot.
where H 0 is quasi-diagonalized due to the factor that operator σ z is conserved, and H ′ will be regarded as a perturbation in our following calculation. The lowest two energy levels in the quantum dot are used to encode a qubit, such that we only need to calculate the eigenvalues and the corresponding eigenfunctions for the lowest two energy levels. The zeroth-order eigenvalues read
ny ,nz,↓ = (n y + n z + 1) ω 0 − ∆ − 
where D z (z 0l ) ≡ e −iz 0l pz/ and D y (y 0 ) ≡ e −iy0py/ are the displacement operators in the z and the y dimensions, respectively, and |n y , n z , σ is the eigenfunction of the bare harmonic oscillator 
By using the first-order non-degenerate perturbation formula [65] , we obtain the eigenfunctions 
The corresponding first-order perturbation eigen-energies read 
Thus, the first-order perturbation gives no corrections to the energies.
When an in-plane oscillating electric field is applied to the quantum dot, there is an electric-dipole interaction eE · r cos(ω t) between the electron and the driving field. In the qubit Hilbert space, we can calculate the matrix elements for the coordinate operator y: Table. I), y 0 , z 0l ≪ r 0 and 2∆ ≪ ω 0 , such that the operator z can be written as
Therefore, under the electric field driving, the quantum dot Hamiltonian can be written as the form given by Eq. (4).
